Previous studies have reported that telomere length in peripheral blood leukocytes can predict the clinical outcome of several cancers. However, whether leukocyte telomere length is associated with the prognosis of hepatocellular carcinoma (HCC) remains to be determined. In this study, relative telomere length (RTL) in peripheral blood leukocytes was measured using a real-time PCR-based method for 269 HCC patients treated with transarterial chemoembolization (TACE) from two independent hospitals. The association between RTL and the overall survival (OS) of HCC was analyzed. The immunological function of the HCC patients with different leukocyte RTLs was evaluated. Multivariate analyses indicated that long leukocyte RTL was significantly associated with poor OS of HCC patients, with a hazard ratio of 2.04 (95% confidence interval, 1.46-2.86; P < 0.001). Kaplan-Meier analyses showed a significant difference of median survival time between patients with long and short RTL (log rank P < 0.001). Fluorescence-activated cell sorting analyses showed that the long RTL group had a significantly increased percentage of CD4 1 CD25 1 FOXP3 1 Treg in CD4 1 T cells compared with short RTL group (P 5 0.002). In conclusion, our results suggest that leukocyte RTL may serve as an independent prognostic marker for HCC patients treated with TACE.
Introduction
Telomeres are specialized hexameric (TTAGGG)n repeat sequence located at eukaryotic chromosomal ends. Telomeres protect chromosome ends from degradation, end-to-end fusion and atypical recombination. Chromosome instability induced by telomere dysfunction has been found to contribute to the development and progression of many malignancies (1) . Recent studies have focused on the role of telomere length in the prediction of cancer risk and prognosis. Some studies showed that shorter leukocyte relative telomere length (RTL) was associated with higher risk of gastric, lung and renal cancers (2) (3) (4) , whereas several other reports demonstrated that longer leukocyte RTL was linked to higher risk of breast cancer, melanoma and nonHodgkin lymphoma (5-7). In addition, two studies have evaluated the association between leukocyte RTL and cancer prognosis and reported that patients with longer leukocyte RTL had worse overall survival (OS) of breast cancer (8) and kidney cancer (9) . Taken together, these data suggest a potentially important role of telomere length in the prediction of cancer risk and prognosis.
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide (10) . Only $30% of patients are eligible to receive surgery. The current standard of care for unresectable HCC patients is local-regional therapy with transarterial chemoembolisation (TACE) (11) . Treatment outcomes of TACE are affected by multiple baseline clinical factors, such as liver function, performance status and tumor stage and vary significantly among HCC patients. However, as yet very few reports have been published on the identification of biomarkers for the prediction of HCC patient prognosis after TACE treatment. To improve the survival of TACE-treated HCC patients, it is necessary to develop novel and clinically applicable biomarkers to predict patient clinical outcomes and tailor the treatments based on the individual profile of each patient.
Previous studies have suggested that telomere shortening might contribute to the development of HCC (12) . HCC patients with longer telomeres had worse survival compared with those with short telomeres (13) . However, these studies have been focused on the measurement of the telomere length in cancer tissues rather than the easily accessible blood sample. In a recent study, we found that long leukocyte telomere length was associated with an increased risk of developing HCC (14) . However, whether there is an association between telomere length and HCC clinical outcome has not been evaluated.
In the present study, we sought to assess whether leukocyte telomere length can be used to predict the OS of HCC patients receiving the TACE treatment. We also designed the experiment to further explore the potential biological mechanism underlying the effect of telomere length on HCC prognosis. To the best of our knowledge, this is the first study to investigate the role of leukocyte telomere length in predicting HCC prognosis.
Materials and methods

Study population
Originally, 420 unresectable patients with primary HCC were recruited into an ongoing epidemiological study between January 2008 and November 2010 at the Departments of Interventional Radiology in the Tangdu Hospital (Hospital 1, n 5 111) affiliated with the Fourth Military Medical University in Xi'an and the Eastern Hepatobiliary Surgery Hospital (Hospital 2, n 5 309) affiliated with the Secondary Military Medical University in Shanghai. All cases had no previous history of other cancers or cancer-related treatments. There was no restriction on age, sex or disease stage for patient recruitment. After recruitment, all patients received TACE as the first-line treatment. Among these patients, 305 (72.6%) received TACE-only, whereas the remaining 115 (27.4%) received TACE and other non-surgical treatments, such as radio frequency ablation, percutaneous ethanol injection, gamma knife radiosurgery and/or radioimmunotherapy. To rule out the potential confounding effect of different treatment protocols, we only included HCC patients with the mono-treatment of TACE in this study. We restricted our analysis to Han Chinese patients since they represented 99% of our study population. Of the 305 patients received TACE-only, 33 patients were excluded due to incomplete clinical or follow-up information and 3 patients were excluded due to poor DNA quality. Finally, a total of 269 patients were used for the analysis on the association between RTL and the OS of HCC in this study. Moreover, 17 additional HCC patients were enrolled for the detection of T-cell immunophenotypes between 2 and 16 August 2011 at the Department of Interventional Radiology in Tangdu Hospital. All participants were successfully assayed for telomere length. This study was approved by the related Institutional Review Boards in Xi'an and Shanghai, and the signed informed consent was obtained from each participant.
Demographic and clinical data
Demographic and personal data were collected through an in-person interview using a standardized questionnaire. Before the first TACE treatment, 5 ml of Abbreviations: AFP, alpha-fetoprotein; CI, confidence interval; HCC, hepatocellular carcinoma; OS, overall survival; PBMC, peripheral blood mononuclear cell; PVT, portal vein thrombus; RTL, relative telomere length; TACE, transarterial chemoembolization; TNM, tumor-node-metastasis. These authors contributed equally to this work.
Ó The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com venous blood from each patient was drawn into coded sodium citrate anticoagulant tubes and delivered to the laboratory for analysis. Detailed clinical information was collected through medical review or consultation with treating physicians. At 3 month intervals, follow-up information on death of patients was updated by a trained clinical specialist through on-site interview, direct calling or medical chart review. The latest follow-up data in this analysis were obtained in June 2011. Among the currently enrolled patients for prognosis analysis, the percentage of patient lost during follow-up was 4.8% (n 5 13).
Measurement of RTL
The RTL was measured on extracted genomic DNA in duplicates using a realtime PCR-based method as described in our previous study (14) . Briefly, this measurement includes two main steps. First, the ratio of the telomere repeats copy number (T) and the single copy gene (human globulin) copy number (S) was determined for each sample using standard curves. The derived T/S ratio was proportional to the RTL. Second, the ratio of each sample was normalized by a calibrator DNA sample to standardize between different PCR runs. The calibrated T/S ratio was then used as the measurement of RTL in this study. The same negative and positive controls, a calibrator DNA and samples for constructing a standard curve were included on each plate. The data were analyzed using the Stratagene Mx3005p QPCR software. The R 2 correlation coefficient for each standard curve was !0.99, with acceptable standard deviations set at 0.25 (for the C t values). If the data was found to be out of the acceptable range of the standard curve, the sample test was repeated.
Immunophenotype analysis of T cell by flow cytometry
Flow cytometry was used to analyze the T-cell immunophenotypes, including CD3, CD4, CD8, CD25 and FOXP3, as described previously (15) . Briefly, peripheral blood mononuclear cells (PBMCs) were first isolated from whole blood samples by density gradient centrifugation over Ficoll-Hypaque (Amersham Pharmacia Biotech, NJ). Phenotypic analysis was then carried out by staining PBMC with the following panel of antibodies: APC-CD3, APC-CD8 (BD Biosciences, San Diego, CA), (Alexa FluorÒ 488)-FOXP3, (PE-Cy5)-CD4 and (PE)-CD25 (BioLegend, San Diego, CA). Appropriate isotype controls were included for each sample. All detections were performed on a FACScan flow cytometer equipped with Expo32 software (Beckman Coulter). Finally, the percentage of Treg (CD4
cells, the percentage of T cells in PBMCs and the ratio of CD4
þ T cells were determined for each sample.
Statistical analysis
All statistical analyses were performed using the SPSS 16.0 statistical package for Microsoft Windows (SPSS, Chicago, IL). Wilcoxon rank sum test was used to evaluate the differences in RTL between different subgroups stratified by the demographic and clinical characteristics of the patients. Pearson's correlation coefficient was used to determine the correlation between RTL and age in all patients. Cumulative survival time was calculated using the Kaplan-Meier procedure. The difference on cumulative survival between different groups was analyzed using a log-rank test. The univariate and multivariate analyses based on the Cox proportional hazards regression model were performed to identify the prognostic factors for OS. All tests in this study were two-sided and P 0.05 was considered statistically significant.
Results
Characteristics of the study population
Demographic and clinical characteristics of the 269 HCC patients from two hospitals are summarized in Table I . There was a patient heterogeneity between the two hospitals with respect to certain tumor The P values were calculated using a chi-square test. b The P values were calculated using a chi-square test for TNM stage
The P values were calculated using an unpaired student's t test. d The P value was calculated using a Wilcoxon rank sum test. Relationship between RTL and HCC patient characteristics The median RTL of all patients was 0.60 (ranging from 0.17 to 1.80) ( Table I ). There was a significantly shorter median RTL in patients from Hospital 1 (median 5 0.57, range 5 0.32-1.23) than those from Hospital 2 (median 5 0.63, range 5 0.17-1.80) (P 5 0.027). In stratified analyses of all patients, there was a significant difference in RTL between young (,54 years) and old patients (!54 years) (P 5 0.005) (Table II) . Further analysis showed a significant inverse correlation between RTL and age (r 5 À0.362; P , 0.001) for all patients (Supplementary Figure 1 is available at Carcinogenesis Online). However, RTL was not associated with sex, HBsAg, tumor size, liver cirrhosis, number of tumors, PVT, TNM stage, Child-Pugh score and AFP level (Table II) . Table III ). Furthermore, we performed the same analyses for the 66 patients from Hospital 1 and the 203 patients from Hospital 2 and obtained similar results. Kaplan-Meier analyses showed a significant difference in OS between patients with long and short RTL in the total patients (log rank P , 0.001), the patients from Hospital 1 (log rank P 5 0.039) and the patients from Hospital 2 (log rank P , 0.001) ( Figure 1A-C) . Stratified analysis for all patients (n 5 269) by host characteristics showed that the association of RTL with OS was significant in the patients with tumor size ‡5 cm (P , 0.001) but not in the patients with tumor size ,5 cm (P 5 0.271) (Table IV) . Kaplan-Meier analysis showed similar results in the stratified subgroups (data not shown). Due to a small percentage of patients who are female (11.5%, n 5 31), those with Child-Pugh score B (8.9%, n 5 24) and those with negative HBsAg (11.5%, n 5 31), variables sex, Child-Pugh score and HBsAg were not included in the stratified analyses.
The immunological function of HCC patients with different leukocyte RTLs
To further explore the potential mechanism underlying the leukocyte RTL as a prognostic predictor for TACE-treated HCC patients, we examined the immunological function of HCC patients with different leukocyte RTLs (Figure 2) . We divided HCC patients into two groups using the median RTL value (0.70) of 17 samples as a cutoff point. Fluorescence-activated cell sorting analyses showed that the long The P values were calculated using a Wilcoxon rank sum test.
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RTL group (n 5 9) had a significantly increased percentage of CD4 þ CD25 þ FOXP3 þ Treg in CD4 þ T cells compared with the short RTL group (n 5 8) (P 5 0.002). However, the percentage of CD3 þ T cells in PBMCs and CD4 þ /CD8 þ T cells ratio had no statistically significant difference between the two groups (P 5 0.335 and P 5 0.640, respectively).
Discussion
Various studies have demonstrated that extensive alterations of telomere length might result in genomic abnormalities contributing to cancer development and progression (17) (18) (19) (20) . In addition, Svenson et al. (21) has published a review on the role of tissue telomere length as a prognostic marker in solid tumors, including cancers of lung, breast, prostate, colon and rectum, brain and head and neck. Oh et al. (13) reported that longer RTL of HCC tissues was associated with worse prognosis. Nonetheless, the majority of these previous studies measured RTL in tissues, which compared with blood are not as easily accessible, especially for non-surgical patients. Furthermore, significant variations exist in the procurement, processing, storage and analyses of tumor tissues. Therefore, there is an urgent need for the development of more reliable easily measurable markers from biospecimens such as blood for the prognostication of malignancies.
In the present study, we measured the RTL in blood from HCC patients treated with TACE-only and examined the associations of RTL with the OS of the patients. Our results clearly indicated a positive correlation between long RTL and poor HCC survival, suggesting that the leukocyte RTL might be used as an independent prognostic biomarker to predict the OS of TACE-treated HCC patients. Consistent with our results, Svenson et al. (8, 9) previously reported that longer blood RTL was associated with worse prognosis of breast and renal cancer. The potential mechanism underlying these association remains a task for further investigation. Svenson et al. (9) have suspected that the downregulation of the immune response in a subset of cancer patients, caused by CD4 þ CD25 þ FOXP3 þ regulatory T cells (Tregs) and/or other immunomodulators, could potentially lead to less telomere attrition due to fewer cell divisions, thus resulting in a reduced antitumoral activity. This theory seems to be biologically plausible and consistent with the observation in our study on the association of long blood RTL with a worse prognosis of cancer patients. Recently, much interest has arisen in the role of a naturally occurring population of regulatory T cells (Tregs) in cancer development. A wealth of evidence obtained using mouse models indicates that Tregs maintain peripheral tolerance to self-antigens and inhibit antitumor immune responses (22, 23) . Moreover, several groups have reported that the populations of Tregs in peripheral blood and/or tumors were significantly increased and associated with the survival in patients with malignant tumors, including HCC (24). However, it has not reported whether Tregs play a significant role in the relationship between leukocyte RTL and HCC prognosis.
In this study, we investigated the immunological function of HCC patients with different leukocyte RTLs and found that compared with the HCC patients with short RTL, those with long RTL had a significantly increased percentage of Treg cells, which indicates a decreased ability of immunological activation. Our data suggests a role of Tregs in the modulation of the effect of blood RTL on HCC prognosis. However, as discussed previously, we cannot rule out the possibility that the long telomere length in a subset of patients were due to the elevated levels of diverse telomerase-stimulating factors with combined effects on the hematopoietic system. In future study, more indepth analyses of blood constituents are needed to identify potential immune-related differences between patients with long versus short blood RTL. In the present study, we did not have data on hepatitis B viral load for most of HCC patients. Therefore, whether hepatitis B viral load contributes to differences in RTL of peripheral blood leukocytes is still needed to be clarified in further study. However, it is Leukocyte telomere length and HCC prognosis well established that high hepatitis B viral load is an independent predictor of poor OS for HCC patients (25) and is significantly associated with more circulating Treg cells in patients with chronic hepatitis B (26) . As shown in several earlier studies (27) (28) (29) , a significant inverse correlation between RTL and age of the patients was also observed in this study (Supplementary Figure 1 is available at Carcinogenesis Online). Our data also indicate that RTL in peripheral blood leukocytes might not be associated with clinical features of HCC patients. Similarly, Huang et al. (30) has reported that neither telomere length nor telomerase activity was correlated with any clinical characteristics of HCC patients. In line with previous studies (31, 32) , our data showed that tumor size, PVT, Child-Pugh score and AFP were independent prognostic predictors for OS of HCC patients. In addition, 
þ T cells ratio bars indicate mean values ± SD. Each symbol represents one patient. The P values were calculated using an unpaired student's t test. stratified analysis by host characteristics showed that the association of RTL with OS was more prominent in patients with advanced diseases, especially in those with large tumor size, which is consistent with a previous report in breast cancer (8) . This finding may reflect the importance of telomere stabilization in tumor progression (16) . Our study has several strengths. All HCC patients were treated with TACE-only, which greatly reduced the confounding effects of the heterogeneous therapeutic modalities in most cancer clinical outcome studies. In addition, we also have complete demographic and clinical data as well as a low rate of patient loss to follow-up. Moreover, the RTL measurement approach used in this study was based on real-time PCR, which is easy to conduct and yields accurate data. The hypothesisdriven approach targeting a single biomarker of interest eliminated the multiple comparison issue in the majority of current high-throughput screening-based biomarker studies. However, our sample size may not be large enough to detect minimal associations and interactions. Further validations using larger independent populations are warranted.
Overall, our study presents the first epidemiological evidence supporting a role of leukocyte RTL in the prognosis prediction of a Chinese population of HCC patients receiving the mono-treatment of TACE. If validated, RTL may potentially be developed as a simple non-invasive biomarker to help select unresectable HCC patients to receive TACE treatment to achieve the maximum therapeutic benefits. In addition, the same arguments are theoretically valid for more general HCC patients and future studies are warranted to verify whether blood RTL is a helpful prognostic indicator for additional HCC patients receiving other treatments.
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